Human pluripotent stem cells (hPSCs) possess great value for biomedical research. hPSCs can be scaled and differentiated to all cell types found in the human body. The differentiation of hPSCs to human hepatocyte-like cells (HLCs) has been extensively studied, and efficient differentiation protocols have been established. The combination of extracellular matrix and biological stimuli, including growth factors, cytokines, and small molecules, have made it possible to generate HLCs that resemble primary human hepatocytes. However, the majority of procedures still employ undefined components, giving rise to batch-to-batch variation. This serves as a significant barrier to the application of the technology. To tackle this issue, we developed a defined system for hepatocyte differentiation using human recombinant laminins as extracellular matrices in combination with a serum-free differentiation process. Highly efficient hepatocyte specification was achieved, with demonstrated improvements in both HLC function and phenotype. Importantly, this system is easy to scale up using research and GMP-grade hPSC lines promising advances in cell-based modelling and therapies.
Introduction
Primary human tissue and the derivative cell types are regularly used, both for cell-based screening and in the clinic. However, access to these cells is severely limited due to insufficient organ donation and loss of cell phenotypes post-isolation 1 . hPSCs represent a promising alternative to primary tissue and facilitate the generation of genetically defined and renewable human somatic cells. Hepatocyte-like cells (HLCs) derived from hPSCs have already shown promise in this field. HLCs resemble primary human hepatocytes in various aspects, including cell morphology, hepatocyte gene expression, metabolic function, and sensitivity to drugs and viruses 2, 3, 4, 5, 6, 7, 8 . In addition, the unlimited proliferation and selfrenewal capacity of both research-and GMP-grade hPSCs facilitates their application 9, 10 . Over a decade of research has produced a number of efficient hepatocyte differentiation procedures 2, 3, 5, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 . However, most of these systems use undefined components and/or viral transduction to drive hepatocellular specification. To improve the reliability of the technology at scale, it is important to develop a robust hepatocyte differentiation system that is truly defined, xeno-free, and GMP-compatible.
Laminins (LNs) are important extracellular matrix proteins that can influence cell adhesion, proliferation, migration, and differentiation. Laminins are heterotrimeric glycoproteins composed of one α, one β, and one γ chain. Recently, recombinant human laminins have been produced and used in cell biology. LN-511 has been shown to support the maintenance of hPSCs 21 , while a mixture of LN-521 and E-cadherin allows clonal derivation and the expansion of human embryonic stem cells 22 . LN-111, on the other hand, supports the maintenance of hepatoblast-like cells derived from hPSCs 23 . However, before our report, laminins 521 and 111 had not been utilized to generate HLCs with mature characteristics from hPSCs 10 .
Here, we detail procedures for culturing hPSCs on LN-521 and differentiating them on either LN-521 or a blend of LN-521 and LN-111 (LN-521/ LN-111). We optimized the differentiation protocol using single-cell seeding to generate a highly reproducible and homogenous monolayer of HLCs in many formats 14 
Passaging Human Pluripotent Stem Cells (hPSCs) onto Laminin 521
NOTE: The cell passaging procedure described below is based on single cells and is ideal for the derivation of a homogenous population of hepatocyte-like cells from hPSCs. Colony plating is also applicable and has been described previously 24 .
1. Prepare laminin-coated plates as needed.
1. Thaw the 100 µg/mL stock of recombinant laminin 521 (LN-521) at 4 °C. 2. Allow the required number of pre-coated plates to reach room temperature before use or incubate the plates at 37 °C for 0.5 -1 h. 3. Carefully aspirate the coating LN-521 solution without damaging the coated surface. Note: It is critical not to damage the coated surface before seeding cells on it. 4. Immediately add 1 mL of pre-warmed-mTeSR1 medium supplemented with 10 µM Rho-associated kinase (ROCK) inhibitor Y27632 to one well of a 6-well plate. Leave the plate in the cell culture incubator to receive cells. NOTE: Never allow the laminin-coated wells to dry. 5. Aspirate the medium from well-maintained hPSCs at about 75% to 85% confluency. Wash the cells from one well of a 6-well plate once with 1 mL of room-temperature 1x DPBS (no Ca 2+ /Mg 2+ ). 6. Add 0.5 mL of 1x Accutase to the cells and incubate at 37 °C for 6 -8 min to dissociate the cells.
NOTE: To check whether the digestion is long enough or not, gently tap the plate and check whether the cells can detach easily. If yes, then it is time to stop the enzymatic reaction; if not, extend the digestion for an extra 1 -2 min. 7. Terminate the dissociation by adding 2 mL of fresh mTeSR1 medium supplemented with 10 µM Y27632 to the cells. Pipette up and down using a P1000 tip several times to make a single-cell suspension. 8. Count the viable cells using a hemocytometer. Use Trypan Blue to stain and exclude dead cells ). For passaging hPSCs for hepatocyte differentiation, seed 6.5 x 10 5 to 7.5 x 10 5 (i.e., 6 .84 x 10 4 to 7.89 x 10 4 per cm 2 ) cells per well of a 6-well plate. NOTE: The seeding density for each cell line might need minor optimization based on the empirical density given here for hepatic differentiation. 10 . Transfer the needed cell suspension into a sterile 15-mL or 50-mL centrifuge tube and centrifuge at 115 x g for 3 min at room temperature. 11. Aspirate the supernatant slowly and then resuspend the cell pellet in fresh, warm mTeSR1 medium supplemented with 10 µM Rho-associated kinase (ROCK) inhibitor Y27632, using adequate medium to make the desired cell density. NOTE: The use of ROCK inhibitor is highly recommended in order to enhance cell attachment and survival rate. 12. Seed the cells to the prepared plates and rock them back and forth and side to side to evenly distribute the cells.
NOTE: It is critical to ensure that cells are distributed evenly in the wells whether the plate is for routine cell culture or hepatocyte differentiation experimentation. 13. Place the plates in the cell incubator and maintain the cells at 37 °C/5% CO 2 for 24 h to allow them to attach and recover. 14. Examine the cells the next day and withdraw ROCK inhibitor if cell-cell contact has been established. Maintain the cells in mTeSR1 medium for routine culture or switch to differentiation medium as needed. NOTE: If the cells were seeded with the mentioned density, the confluency should be ideal for routine maintenance or hepatocyte differentiation. NOTE: It is highly recommended to initiate the differentiation the day after seeding the cells. 4. Change the endoderm-priming medium every 24 h for 3 days for human embryonic stem cells (hESCs). As for human induced pluripotent stem cells (hiPSCs), extend this stage for 2 more days to prime the cells to definitive endoderm-like cells, but use the endoderm-priming medium supplemented only with 100 ng/mL Activin A for these two days 12 . NOTE: To ensure successful endoderm specification, one can examine the expression of endodermal markers, such as FOXA2 and SOX17. According to immunofluorescence staining, over 80% of the derived cells are positive for both markers in our lab. 5. Switch to KSR/DMSO differentiation medium on day 4 (for hESCs)/day 6 (for hiPSCs). Change the medium daily for the first 3 days and then on the fifth day of this differentiation stage. NOTE: No feeding is needed on the fourth day of this differentiation stage. Use unsupplemented KO-DMEM to wash the cells once before medium change if there are many dead cells. To check whether the differentiation for this stage is successful or not, one can test the expression of hepatic progenitor cell markers, such as AFP, CK19, and HNF4A. Nearly 90% of the cells will be positive for these markers based on our experience. 6. After 5 days of the KSR/DMSO differentiation stage, switch to the HepatoZYME maturation stage. Wash the cells once with plain HepatoZYME basal medium after removing the KSR/DMSO medium. Add HepatoZYME maturation medium supplemented with 10 ng/mL HGF and 20 ng/mL OSM. 7. Change the medium every 48 h for 7 -10 days, at which point the cells are ready for standard characterization or further use. NOTE: Hepatocyte marker expression examinations, metabolic function tests (such as cytochrome P450 activity), urea and albumin secretion tests, glycogen storage tests, and Indocyanine green (ICG) uptake tests are typical characterization methods. NOTE: The timeline of the differentiation protocol is shown in Figure 5 . In our lab, we routinely check the derived HLCs' hepatocyte-specific marker expression levels, albumin secretion, and cytochrome P450 (CYP) 3A and 1A2 activity.
Representative Results

Hepatocellular Differentiation from hPSCs
One human embryonic stem cell line, H9, and one human induced pluripotent stem cell line, 33D6, were used for hepatocyte differentiation.
The results in Figures 1-3 are from H9 cells, while those in Figure 4 are from 33D6 cells. Single cells seeded onto laminins established cellcell contact after 24 h. After the cells reached around 40% confluency, the differentiation process was initiated (Figure 1A and Figure 4A ). On laminins (both LN-521 and LN-521/LN-111), these cells went through sequential morphological changes and gave rise to polarized HLCs (Figure  1 and Figure 4A ).
Hepatocyte-like Cell Characterization
Day 18 HLCs were collected and assessed for the expression of representative hepatocyte markers, HNF4A and ALB (Figure 2A) . Immunostaining of day 18 HLCs showed that nearly 90% of the cells expressed HNF4α (Figure 2B) . These cells polarized on laminins and exhibited a polygonal appearance, as marked by E-cadherin and F-actin expression ( Figure 2B) .
Cytochrome P450 (CYP) activity was also assessed. The CYP450s conduct an important metabolic function of hepatocytes. Day 18 HLCs derived on a gelatinous protein mixture, such as Matrigel, LN-521, or LN-521/LN-111, were tested for CYP3A activity. HLCs demonstrated significantly higher CYP3A activity on laminin substrates than on matrigel (Figure 3) . Importantly, when compared to commercial human primary hepatocytes (HU1339) re-plated on these substrates, HLCs have nearly 10 times higher levels of CYP3A activity 10 .
The differentiation of hiPSCs was similar to that of hESCs. The cells exhibited sequential changes in appearance (Figure 4A) . Derived HLCs expressed a key hepatocyte transcription factor, HNF4α (Figure 4B) , and possessed CYP3A activity and secreted albumin (Figure 4C and D) .
Notably, HLCs derived from 33D6 displayed reduced CYP3A in comparison to H9 cells derived HLCs (Figure 3) , but it was still comparable to human primary hepatocytes 10 . However, the albumin secretion of these HLCs was much lower than in primary hepatocytes
Discussion
To advance human pluripotent stem cell research and translational medicine, xeno-free systems that comply with current good manufacturing practice guidelines are required. Key to any differentiation process is the extracellular matrix (ECM). The ECM not only supports cell attachment, but also provides access to key signaling factors, influencing cell determination and phenotype 25, 26 .
Laminins are multifunctional extracellular matrix proteins in vivo. In the liver, laminin secretion is crucial for liver regeneration after a partial hepatectomy 27 and is required for hepatic progenitor cell maintenance 28 . The importance of laminins in liver maintenance and regeneration was the basis for testing commercially available recombinant human laminins in our hepatocyte differentiation system. Superior hepatocyte differentiation was achieved on LN-521 and LN-521/LN-111 substrates when compared to Matrigel. Derived HLCs were clearly polarized and organized in the dish, and their cellular function was significantly improved when compared to their gelatinous protein mixture counterparts. Underlying these improvements was the downregulation of contaminating colon-, fibroblast-and stem cell-associated genes on the laminins, as well as a decrease in cell proliferation and migration-associated gene expression 10 .
In conclusion, the protocol described here generates hepatocyte-like cells that are closer in nature to adult human hepatocytes. The process is reproducible, amenable to automation, and can be cost-effectively scaled for application. Importantly, batch-to-batch variation has been significantly decreased in comparison to techniques that use Matrigel, resulting in an improved differentiation system for researchers within this field.
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